Objective To examine factors associated with tackles in rugby union and to assess their impact on the risk of injury. Design Two-season (2003Two-season ( /2004Two-season ( and 2005Two-season ( /2006 prospective cohort design with video analysis. Setting 13 English Premiership clubs. Participants 645 players. Main outcome measure RR (95% CI) calculated by comparing the frequency of occurrence of risk factors in a cohort of players injured during tackles with their frequency of occurrence in tackles in general play. Risk factors Playing position; player's speed, impact force, head position, head/neck fl exion and body region struck in the tackle; sequence, direction and type of tackle; and location and type of injury. Results High-speed going into the tackle, high impact force, collisions and contact with a player's head/neck were identifi ed as signifi cant (p<0.01) risk factors for ball carriers (BCs) and tacklers. Midfi eld backs were signifi cantly (p<0.01) more prone to injury when tackling than other players. Relatively few tacklers were penalised by referees for collision tackles (general play: 2.0%; injured players: 3.3%) and tackles above the line of the shoulder (general play: 5.9%; injured players: 16.7%). Conclusions Advice in national and international injury prevention programmes for reducing the risk of injury in tackles is strongly supported by the results obtained from this study. These programmes should be reviewed, however, to provide specifi c advice for each type of tackle. Stricter implementation of the Laws of Rugby relating to collisions and tackles above the line of the shoulder may reduce the number of head/neck injuries sustained by BCs.
INTRODUCTION
Rugby union is recognised as a contact team sport with a high incidence of injury (91 injuries/1000 player-match-hours). 1 An investigation of contact events in rugby union 2 identifi ed that, although tackles were the most common match event (tackle: 221.0/match; collision: 14.8) and were responsible for the most injuries (tackle: 33.9 injuries/1000 player-hours; collision: 3.9), collisions had the highest propensity to cause injury (tackle: 6.1 injuries/1000 events; collision: 10.5).
Wilson et al, 3 in a video study of 28 players injured in tackles, reported that injured players were more likely to have been running or diving at the time of injury and to have been tackled from the front. Garraway et al, 4 in a questionnaire-based study of 71 tackle injuries, also identifi ed that players were most likely to have been running at the time of injury but concluded that over half the injury events involved tackles from behind the ball carrier's (BC) line of vision, and where there was a difference in the BC's and tackler's speeds, the player with the lower speed was more likely to be injured. However, because neither study investigated the frequencies with which these specifi c actions occurred during general play, they were not able to comment on the RRs of these factors. 5 The potential dangers associated with tackles are recognised by the International Rugby Board, and specifi c actions, such as a tackler charging without attempting to hold the BC, tackling above the line of the shoulders and tackling when the BC's feet are off the ground, should be penalised. 6 Of particular concern in rugby are tackles with the potential to cause serious head or neck injuries.
The benefi ts of using video analysis for investigating risk factors associated with general 5 7-10 and specifi c [11] [12] [13] injury events have been demonstrated extensively in football. An assessment of risk factors associated with rugby tackles is, however, considerably more complex because of the greater number of risk factors involved. 3 4 Nevertheless, there remains a need to characterise tackles and to quantify the RRs in order to review whether the laws of the game address the major risks associated with the sport and to inform the development of injury-prevention programmes. The present study aimed to assess the RRs associated with various aspects of the tackle by comparing the frequency of occurrence of risk factors in a cohort of players injured during tackle events with the frequency of occurrence of these risk factors in general play. In addition, specifi c objectives were to analyse the risks associated with tackles having the greatest propensity to cause injury, those responsible for the most injuries and those leading to head/neck injuries.
METHODS
All fi rst team players at 13 of the 14 English Premiership rugby union clubs during the 2003/04 (11 teams; 434 players) and 2005/06 (10 teams; 401 players) seasons took part in the study. In total, 645 players were included, of whom 190 were involved in both seasons. Players gave their written informed consent for data to be recorded.
Analysis framework
According to the Laws of Rugby, 6 'a tackle occurs when the ball carrier is held by one or more opponents and is brought to the ground': in this study, a tackle was considered to be 'any event where one or more tacklers attempted to stop or impede the BC whether or not the BC was brought to ground.' Every tackle was assessed by one of four experienced rugby video analysts using a range of categorical variables related to the BC and the fi rst two tacklers (T1 and T2) involved in the event. The variables, which were defi ned following a series of discussions involving a sports epidemiologist, sports physician, biomechanist, rugby players and coaches and video analysts, were grouped into a framework involving three phases; namely, pretackle (0.4 s period (10 frames) preceding the tackle event), the tackle and post-tackle (0.4 s period (10 frames) following the tackle event): T1 and T2 playing positions (front row-numbers 1, 2, 3; second row-numbers 4, 5; back row-numbers 6, 7, 8; scrum half-number 9; midfi eld backs-numbers 10, 12, 13; back three-numbers 11, 14, 15); ▶ speed of BC, T1 and T2 into tackle (fast-running/sprinting; slow-walking/jogging; stationary-standing/minimal movement).
Tackle
▶ Sequence of event (one-on-one-T1 on BC; sequential and simultaneous-T1 and T2 on BC); ▶ type of tackle (arm-T impedes/stops BC with upper limb(s), fi gure 1; collision-T impedes/stops BC without use of the arm(s), fi gure 2; jersey-T holds BC jersey, fi gure 3; lift-T raises BC hips above BC head, fi gure 4; shoulder-T impedes/stops BC with shoulder as the fi rst point of contact followed by use of arm(s), fi gure 5; smother-T uses chest and wraps both arms around BC, fi gure 6; tap-T trips BC with hand on lower limb below the knee, fi gure 7). ▶ T1 and T2 directions of tackle (behind; front; left side; right side-with respect to BC). ▶ T1 and T2 head positions (above; behind; beside; in frontwith respect to BC); ▶ BC, T1 and T2 head/neck fl exion (chin-on-chest-head/ neck fl exed; head up-head/neck in neutral or extended position); ▶ BC, T1 and T2 body region struck (BRS) in tackle (head/ neck; upper limb; trunk; lower limb); ▶ impact force of T1 and T2 on BC (high; low-subjective assessment).
Post-tackle
▶ BC, T1 and T2 fi rst BRS on ground after tackle (head/neck; upper limb; trunk; lower limb). ▶ player injured (BC, T1, T2); ▶ injury location (head/neck; upper limb; trunk; lower limb); ▶ injury type (bone; joint (non-bone)/ligament; muscle/tendon; skin; central/peripheral nervous system).
Injuries
Defi nitions and procedures used to record injuries followed the consensus statement for injury surveillance studies in group.bmj.com on April 13, 2017 -Published by http://bjsm.bmj.com/ Downloaded from rugby union. 14 Medical personnel at each club recorded details of time-loss (>1 day's absence) match injuries resulting from tackle events on a standard report form 1 using the Orchard Sports Injury Classifi cation System; 15 injuries were subsequently grouped for type and location according to the consensus statement. 14 The shoulder was grouped with the upper limb in all body location variables.
Sample size
A sample size calculation 16 was undertaken to determine the number of tackle events required in general play to identify whether differences between the injured and general play groups were statistically signifi cant. The calculation was based on being able to identify a 10% (absolute) difference in the frequency of occurrence of a risk factor in a group of 244 tackle injuries (the sample population available in this study) compared with a 30% frequency of occurrence in the general play group with 90% power and 95% confi dence. This calculation indicated that ~6000 tackle events were required; as there were ~235 tackle events per game, 2 26 games were required. These games were selected randomly from the 264 games played in the two seasons and DVD recordings of the games obtained from the Rugby Football Union.
Data analysis
A detailed assessment manual was prepared and a training programme implemented in order to maximise the level of agreement between the video analysts. Results obtained by the four analysts were compared pairwise (κ statistic) using 12 variables assessed in two games (453 events) selected randomly from the 26 games (6219 events) analysed. K values between 0.40 and 0.75 are considered to represent 'fair to good' and values greater than 0.75 'excellent' agreement. 16 The RR for each risk factor 17 was determined by comparing the frequency of occurrence within the injured population with the frequency of occurrence in general play. An RR=1 indicates that a risk factor has no greater propensity to cause injury than that anticipated by chance; an RR>1 indicates a higher and an RR<1 a lower propensity to cause injury than expected by chance. 2 5 Differences were considered to be signifi cant if the 95% CI for the RR did not include the value 1.00, and the p value (two-tailed Z test) was <0.01. 16 χ 2 Tests were used to identify signifi cant differences (p<0.01) between the numbers of cases in the two groups. 16 The κ statistic was used to assess agreement between the body regions injured by BC, T1 and T2, and the players' body regions struck in the tackle and on the ground. 
Pretackle
The results for playing position and speed into the tackle are presented in table 2. In general play, BC was signifi cantly (p<0.001) more likely to be a back than a forward, and while there was no signifi cant difference (p=0.795) for T1, T2 was signifi cantly (p<0.001) more likely to be a forward. In terms of injury, BC was signifi cantly (p=0.006) more likely to be a back, but there were no signifi cant differences between forwards and backs for T1 (p=0.019) or T2 (p=0.504). Of the grouped playing positions, only midfi eld backs showed a signifi cantly higher propensity to be injured when tackling as T1. BC, T1 and T2 were signifi cantly more likely to be injured when approaching the tackle event at high speed; however, there was no greater chance that the slower player going into a tackle was more likely to be injured (BC: RR=1.03, 95% CI 0.61 to 1.75, p=0.904; T1: RR=1.18, 95% CI 0.78 to 1.78, p=0.430).
Tackle
The results for the sequence and direction of tackle are summarised in table 3. In general play, there were signifi cantly more one-on-one tackles than double-tackles (p<0.001); however, group.bmj.com on April 13, 2017 -Published by http://bjsm.bmj.com/ Downloaded from there were no signifi cant differences in the propensity for any of the sequences or directions of tackle to result in an injury. There was also no indication that double-tackles from opposing directions were signifi cantly more likely to result in injury to BC than double-tackles from the same direction (RR=1.23, 95% CI 0.61 to 2.47, p=0.562). However, BC was signifi cantly more likely to be injured (RR=2.21, 95% CI 1.60 to 3.06, p<0.001) if the impact forces of either T1 in one-on-one tackles or T1 or T2 in double-tackles were high. In over 98% of tackle events, BC, T1 and T2 went into the tackle with their head/neck in the 'head-up' position; only three players (all BCs) sustained an injury when their head was in the 'chin-on-chest' position, and none of these involved injuries to the players' head/necks.
RESULTS

The
Over 90% of all T1 and T2 tackles involved an arm (55.0%), shoulder (22.5%) or smother (14.7%) tackle; table 4 shows the RRs of injury associated with each type of tackle for BC, T1 and T2. There were signifi cantly higher propensities for BC to be injured in collisions during one-on-one and double-tackles and for T1 and T2 to be injured in collisions during doubletackles.
Arm/arm, arm/shoulder and arm/smother tackles were the most common tackle combinations and were also responsible for the most injuries (table 5) ; however, none of these tackle combinations showed a greater propensity to cause injury to any of the players.
Only 27 (0.4%) T1 and three (0.1%) T2 tackles during general play were classifi ed as 'lift' tackles, and none of these involved a double-lift tackle by T1 and T2; nor were any of the tackles classed as 'spear' tackles: no injuries were caused by lift tackles. Detailed assessments of the RRs for BC to be injured in double-tackles when T1 used an arm action (cause of the greatest number of injuries) and of BC being injured in one-on-one collision tackles by T1 (action with the highest propensity to cause injury) are presented in tables 6, 7, respectively.
Tacklers were more likely to be injured in a tackle if their heads were in front (T1: RR=1.77, 95% CI group.bmj.com on April 13, 2017 -Published by http://bjsm.bmj.com/ Downloaded from Table 12 presents the RRs of injury for midfi eld backs, who had the greatest propensity of all players to be injured, when tackling. Table 13 shows the RRs associated with head/neck injuries sustained by BC and T1 in all tackles; of the eight head/neck injuries sustained by T1 following contact with the BC's lower limb, four (50.0%) were a result of direct contact with the tackler's head/neck.
Referees considered 2.0% (eight in 394) of collisions in general play and 3.3% (one in 30) of injuries caused by collisions to involve foul play. Tacklers were penalised in 5.9% (14 in 238) of incidents in general play where the BC was struck on the head/neck and in 16.7% (three of 18) of cases where injuries were caused by the BC being hit on the head/neck.
DISCUSSION
The κ values for the inter-rater reliability tests confi rmed that values for the risk factors were, on average, all greater than 0.18 to 1.27, p=0.136) the BC, but none of these results reached statistical signifi cance. Table 8 shows the RRs of BC, T1 and T2 being injured as a function of the BRS in the tackle. BCs and tacklers were all signifi cantly more likely to sustain an injury if they were struck on the head/neck during a tackle; the majority of these injuries were concussions or cervical nerve root injuries (BC: 50.0%; T1: 71.4%; T2: 66.7%). For BC, 70.0% of the head/neck injuries were sustained during tackles from the front. Overall, however, there were only weak associations (BC: K=0.215; T1: K=0.277; T2: K=0.240) between the body region injured and the player's BRS in the tackle (table 9) . Table 10 shows the types of injury sustained as a function of the BRS in the tackle.
Post-tackle
Of 13 concussion and cervical nerve root injuries sustained by T1, signifi cantly more (eight injuries, 61.5%, p<0.001) were experienced by midfi eld backs. Results presented in table 11 showed that there were also no associations between the locations of players' injuries and the fi rst body region striking the ground following the tackle (BC: K=0.015; T1: K=0.014; T2: K=0.018). injuries. There was no evidence, however, to support previous contentions that BCs were more prone to injury if they were tackled from behind 4 or from the front, 3 or that the slower player going into the tackle was more likely to be injured. 4 Arm tackles, although having a low propensity to cause injury, were responsible for most injuries, simply because of their high frequency of occurrence: there were no specifi c factors that created this higher risk of injury. Collisions, on the other hand, had the greatest propensity for injury for BCs; signifi cant risk factors 0.40, which was regarded as the minimum acceptable level of performance for the study. Use of multiple regression analysis was considered to evaluate potential associations between tackle variables and outcomes and use of structural equation modelling for the development of a conceptual framework to explain the risks associated with the tackle. These options were discounted for a number of reasons, including the need to account for multiple outcome measures (injury incidence, location, type) affecting up to three participants (BC, T1, T2); the absence of clear relationships between values of some risk factors and the outcome measures; and the complex interactive nature of the risk factors and participants involved in the tackle. RRs were therefore used as an alternative simpler means of exploring potential risk factors, as this approach had been used successfully in previous studies of this type. 2 5 13 Rugby union, by the physical nature of the sport, will always have a high risk of injury, and the tackle is responsible for a large number of these injuries. [2] [3] [4] In general terms, this study identifi ed several risk factors with higher propensities for BCs and tacklers to be injured (table 14) .
These results confi rmed previous observations 3 4 that injured players were more likely to be running just prior to their for this type of event were the impact force of T1 and contact with a player's head/neck. BCs and tacklers were at a greater risk of sustaining a head/neck injury in high impact tackles and if there was head/neck contact in the tackle; tacklers also had a greater propensity to sustain head/neck injuries when using shoulder tackles. Midfi eld backs were the most injury-prone and were at greatest risk when tackling BCs travelling at high speeds, in high-impact tackles, when striking their head/neck in the tackle or when making contact with the BC's lower limbs.
The Laws of the Game 6 and guidance on reducing the risks associated with tackles 18 emphasise the importance of avoiding tackles above the line of the shoulder and head/ neck contact. The challenge for BCs and tacklers to achieve this consistently is, however, complex. RugbySmart 19 and SharkSmart 20 injury prevention programmes comment that the best way for BCs to reduce tackle injuries is to avoid big hit tackles and tackles at speed, and to keep the head/neck in the right position. While the advice presented in these training programmes is strongly supported by the results obtained in this study, the advice is general and is not specifi c to each type of tackle. Additionally, it is not possible to avoid tackles at all times, as they form an integral and important aspect of rugby, in terms of stopping an opponent's forward movement and gaining ball possession. It is essential, therefore, that referees protect BCs by consistently penalising collisions and tackles above the line of the shoulder, as these events are more likely to result in injury and are specifi cally identifi ed in the Laws of Rugby as foul play. It is essential, also, that research be conducted into the nature and biomechanics of high-impact tackles to develop more specifi c advice on how to execute and resist this type of tackle. Furthermore, injury-prevention resources should be reviewed to ensure they address all tackle types and provide advice from the BC's and tackler's perspectives.
